There is an increasing demand for domain-specific software. For 
Introduction
There is an incredsing demand for software engineers who are experts in developing software for specific types of applications. For instance, software to control a machine on a factory floor is characteristically different from software to manipulate large databases. Software that directs the movement of a lathe performs complex mathematical calculations and communicates in real time with custom hardware; whereas database software involves algorithms to format, correlate, and store data efficiently as well as to guarantee data consistency and integrity.
The authors use the term application domain to denote a set of applications with common properties that mandate the type of software designed for applications in the domain. Problembased and solution-based application domains decompose the world of application domains in different ways. Pro blem-based domains consist of applications with similar requirements and common designs; whereas solution-based domains focus on applications which employ particular computer technologies. For instance, the domain of machine control applications includes those applications with basic servo control requirements. On the other hand, the domain of database ap- plications involves problems which are solved using database technology. Subdomains, such as the set of problems solved using distributed databases, decompose more encompassing domains, such as the database domain.
The demands of a professional work environment often do not provide software engineers sufficient time to acquire in-depth, domain-specific knowledge. In the case of the solution-based domains, the software engineer becomes an expert by developing a thorough understanding of the underlying computer technology and its application. Software engineers with expertise in problem-based domains have in-depth knowledge about the requirements and software solutions for problems in the application domain. For instance, software engineers must understand basic control theory essential to the movement of factory automation equipment before they can specify and design software for machine control.
To help meet indusby's demand for software engineers with domain-specific knowledge and skills, the Master of Software Engineering (MSE) Program at Camegie Mellon University offers specialization tracks. A specialization track is a directed course of study to enable graduate software engineering students to acquire and apply knowledge geared towards a chosen domain of applications or related to a particular technology. For instance, a student may specialize in the real-time domain. Section 3 contains more detail about the selection of an application domain for a specialization track.
In this paper, the authors overview the three specializatilon tracks defined for the MSE Program: the Real-Time Specialization Track (Section 6), the Human-Computer Interaction (HCI) Specialization Track (Section 7), and the Business Specialization Track (Section 8). They briefly describe the goal-oriented process used to design these tracks. Details of this process can be found in [Hoover 931 . More extensive information about the M,SE specialization tracks appears in [Hoover 95a . Hoover 95b, Hoover 95cl.
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Rationale
In her discussion of computing education for the 1990s and beyond, Shaw identifies an industrial demand for computer specialists with core expertise in computer science as well as in a specialty area such as architecture, astronomy, chemistry, or psychology. She describes the need for joint degree programs that not only enable students to develop core competency in computer science and another field but also integrate the two fields. One way she says this can be done is by teaching specific computational models and selected techniques from areas of computer science which depend on relevant applications in the joint field [Shaw 901 .
In a similar manner, tracks in a graduate software engineering program enable students to develop expertise in specialization areas as well as in softwan: engineering. A specialization track integrates the computing theory and practice with the application domain knowledge needed to develop domain-specific software. Because of the increase in software applications and the growing emphasis on quality and productivity, companies producing applications software prefer to hire software engineers who already have domain knowledge and software engineering skills. The authors hypothesize that.<in general, software engineering graduates who pursue a specialization track may more easily obtain jobs in these application-specific fields than students who do not, Section 10 provides more detail about students who hiave completed specialization tracks.
In a 1987 article published in Computerworld, Allman surveyed hiring trends for computerrelated research and development positions. She reported that companies prefer to hire people who have graduate cducations and can easily become specialists in a company's area of interest. According to Allman, staffing personnel at Sandia National Laboratories in Albuquerque, New Mexico. seek p p l e with interdisciplinary backgrounds in computer engineering or computer science and mathematics. Sandia needs people with both software development and mathematical expertise ta develop computational and cryptographic systems [Allman871.
The trend in speciialization seems to be holding for the 1990s. Despite layoffs and downsizing. high-tech companies in Massachusetts seek people who are hands-on, sharp, individual contributors with specialized skills, Guisbond wrote in a 1990 Computerworld article [Guisbond 901. McMahan, a recruiting director quoted in Guisbonds article, states that those being sought are people with substantial experience in relational databases, workstation software, graphical user interfaces, software engineering, and applications programming in C.3 He thinks it is very important that people, early on in their careers, pick an area of specialization and develop in-depth skius in that area."
In an article about training, Moore and Purvis discuss Texas Instruments' desire for software engineering graduates knowledgeable in real-time applications. The company's Defense Systems and Electronics Group (DSEG) assessed the background and capabilities of 250 newly hired software engineers and found that very few had any course work which covered embedded real-time systems. DSEG kcommended that universities help by offering elective comes that cover the basic concepts of real-time computing.
Furthermore, Moore and Purvis suggest that on-the-job training (OJT) is not always a very good means of learung information. They say that, in contrast to formal training programs and courses, OJT tends 1. 0 be hit-or-miss, may not be well organized, and is often incomplete. They also suggest that it may take an employee longer to leam fundamental concepts through OJT than by taking a course about these topics. The awareness of DSEG of these shortcomings has led to the creation of training courses to replace OJT [Moore 881. Just-in-time software process workshops now help project teams identify their specialized training needs [Fortin 951 .
Specialization tracks in a graduate software engineering program are value-added features. The student not only acquires expertise in the principles of software engineering but also in a particular application axea. The opportunity to pursue a specialization track should enhance the value of a graduate software engineering program. Hopefully, companies will be more willing to fund the graduate education of employees who propose to follow a specialization track which matches the needs of the company.
Selecting Specialization Areas to Become Tracks
Our selection of specialization areas is based on the industria$ need for expert knowledge in an m a ; on the backgrounds and pasupresent career goals of our students: and, most importantly. on m a s of specialized expertise at Camegie Mellon University. Some of the guidelines that we generally follow in the selection of specialization tracks are
The application domain knowledge and/or computer related knowledge needed to design software for an application in the proposed area is extensive or difficult to obtain on the job. The application domain knowledge is significantly different f" that of other existing specialization areas.
Faculty or guest lecturers from industry with expeniise and an interest in teaching courses in the specialization area are available. The list of approved courses provides the student sufficient background to design software for applications in the area.
The CourSeS fit into the time frame of the graduate program.
Unlike the other predefined tracks, the Business Specialization Truck does not focus on software design. Therefore, most of the approved courses for this !rack do not target software design skills. Later in the paper we address how specialization track courses fit into the time frame of the
MSE Program
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A Structured Approach to Defining a Specialization Track
Defining a specialization track is an evolutionary process. We focus on behavioral objectives that clearly state what the student should be able to do after successfully completing the track. For instance, software engineers use Petri Nets to specify riming constraints in real-time systems.
Application domain knowledge (A) includes non-computer related theoretical and practical knowledge drawn from the application area. An example is digital signal processing theory used in the design of industrial controllers. Likewise, an understanding of geometry and h e a r algebra is helpful to develop computer graphics algorithms. An understanding of the psychology of leaming is required for the development of computer-based tutors.
Practice (P) refers to software development techniques geared to the application domain, for example, the use of commercial tools to support the specification and design of real-time systems.
Software development @) involves the application of domain knowledge, computing theory, and software development techniques to specify, design, and evaluate software for a particular application. Interestingly, the use of knowledge from one component of the triangle affects the use of knowledge fiom another component. In Example 1 which follows, a software engineer uses both theoretical an~d application domain knowledge to generate a more complete requirements specification for a motorized wheelchair.
Example 1: A software engineer formally specifying the requirements of a motorized wheelchair for the blind realizes that no one has defined what the software should do if the motor which powers the chair stops running. After speaking to experts in the use of mobile devices for the handicapped, the developer determines that the speech and vision systems should continue to monitor the surrounding environment, should notify the user of the power failure, and should activate em,ergency flashing lights.
Identifying the knowledge and skills needed to develop high-quality software for applications in a specialization area is not as simple as it may seem. The specifier of a track must not only be knowledgeable in the application domain but must also be well informed about advances in stateof-the-art computing theory and software development techniques.
Educational obje:ctives for a specialization track should be behavioral in the sense that they should clearly define the way in which students will be expected to demonstrate the target knowledge and skills. For example, a high-level educational goal may be to have the student understand and apply formal specification methods suitable for real-time applications. Requisite knowledge includes an understanding of ways to model requirements of real-time applications software. Example 2 is a behavi"l objective to demonstrate that a student understands a set of specification methods.
Example 2: Given text descriptions of the requirements of various real-time systems, the student will identify appropriate specification method(s) for each application and explain why the chosen specification method(s) idare appropriate for the corresponding application.
The accomplishment of this objective can be measured by giving the student text descriptions of requirements of real-time applications and evaluating the student's selections and explanations. The student would be expected to recognize a case in wlhich none of the specification methods studied in class were appropriate for a particular application.
In general, we map educational objectives to existing counes. Elective courses in the graduate software engineering program provide application domain knowledge. Examples given through lectures and class assignments for these electives help students to understand and apply theoretical concepts and techniques to the design of software for the chosen application. Likewise, theories and methods presented in the MSE core courses often include application examples that satisfy specialization track objectives. At least one elective course, independent study, or project course should require the student to design and implement application software.
When educational objectives cannot be met by existing courses, we fill the gap with new courses or modifications to existing courses. For instance, we creatied a survey course that broadly covers topics related to the development of software for real-time applications [Hoover 95d ].
Below is a summary of the four basic steps we use to define a specialization track.
1. Define the requisite knowledge and skills. 2. Formulate educational objectives. 3. Map the educational objectives to courses. 4. Target opportunities for students to develop application software.
General Track Requirements
In addition to the six core courses6, an MSE student takes a minimum of 6 full-semester, 9-12 unit electives for a total of 54-72 credit units. We require a student pursuing a track to take 4 or more of these electives in his or her specialization area.
Students select approved courses that correspond to their career and educational objectives.
The tracks are quite flexible in that students can select from a list of approved courses for each track? The program allows tracks to be adopted to the needs of individual students. Under the supervision of their advisors, students may define their own tiacks by applying the TAP-D Model discussed in the previous section.
' . Preferably students should have the prerequisite knowledge and skills for their track courses before entering the ?VISE Program. As a result, each track need not be accessible to all students.
Occasionally a student can acquire a minimal number of prerequisite skius for a particular track course while pursuirig an MSE.
In the next three sections, the authors present the rationale, knowledge and skills, educational objectives, and approved course list for each predefined track.
Real-Time Computing Specialization Track
Real-time computing is the type of computing in which the correctnss of the system depends not only on the logical result of the computation but also on the time at which the results are produced. Examples of real-time applications include air traffic control, factory automation. patient monitoring systems, and video conferencing. Software engineers who develop real-time software need to understand the functional constraints such as timing, fault tolerance. and reliability that distinguish real-time from non-real-time applications.
The Real-Time Specialization Track enables MSE students to acquire knowledge about realtime applications, tci obtain an understanding of fundamental principles of real-time computing, and to gain experience in the development of real-time software. Students who pursue this track should develop a bmad view of the role of the software engineer in real-time software development. They should be able to identify common characteristics of real-time applications and to distinguish between applications which require real-time solutions and those which only require adequately fast response times. In addition, they should be aware that real-time applications often involve reliability, safety, and fault tolerance requirements.
In Table 1 , we ov'erview the knowledge and skills that students pursuing this track can acquire. Corresponding columns display the mapping between the knowledge and skills, educational objectives, and approved courses that satisfy the educational objectives. All students in the ReulTime Specialization Track take the course lntroduction to Real-Time Software and Systems. Quantitative analysis and design of high-performance, real-time computing systems.
Digital filtering techniques and the design of software to implement digital filters.
Apply state-of-the-art techniques to the development of real-time operating system and multimedia applications software.
Acquire knowledge and/or skills in an individually selected area of real-time computing.
Analyze the petformance of real-time system components and devices.
Design and implement digital signal processing software!. There is an increasing demand for software to implement human-computer interfaces. Software engineers who develop these interfaces need an undenrtanding of the interactions between the human, the available computer technology, and human tasks. They should also understand empirical methods used to evaluate the usability of existing human-computer interfaces. The HCI Specialization Track enables graduate software engineering students to obtain knowledge and skills related to the design, implementation, and evaluation of interactive computing systems. They will become knowledgeable about the usability of human-computer interfaces and methods for evaluating usability. Students can explore computer technology to support individual users as well as group interactions. After completing a specialization in HCI, students will be able to apply their understanding of the interactions between the human, the available computer technology, and human tasks to the design of software to support an interactive computer system.
In Table 2 , we overview rhe knowledge and skills that students pursuing this track can acquire. Corresponding columns display the mapping betwem the knowledge and skills, educational objectives, and approved courses that satisfy the educational objectives. All students in the HCI Specialization Track take the course Special Topics in Computer Science: Human-Computer Interaction or an equivalent. Designinghnplementing interactive systems to meet user requirements.
Psychological factors which affect the usability of a design for a human-computer interface.
Educational Objectives
Explain how humans interact with computers to complete tasks. Apply techniques for evaluating humancomputer interfaces.
Show understanding of group interactions and of technology to support these interactions.
Compare HCI methods for evaluating the usability of human-computer interfaces.
Design and implement interface software using state-ofthe-art software development methodologies and tools.
Apply concepts of media technology to the desigdimplementation of human-computer interfaces.
Display knowledge and/or skills in an individually selected area of HCI.
Analyze and propose sobtions to problems of using computer information systems.
Demonstrate skill in the visual aspects of designing humancomputer interfaces.
Design and implement a human-computer interface to satisfy an industrial customer.
Show an understanding of the interaction between humans and their designed environments. 
Business Specialization Track
MSE students who aspire to obtain business management positions within a computer-related technology company, to specialize in the development of software to support production and (operations, and/or to start their own technical companies will need fundamental business skills and expertise. The Business Specialization Track is intended to help students acquire basic business skills while completing their masters degrees in software engineering. The completion of this track is similar to obtaining a minor in business.
All students who complete this track should be able to read and interpret primary financial statements such as the balance sheet, the income statement, and the cash flow statement. They should understand basic cost and budgeting concepts used to analyze and report the performance of business operations and to make intelligent financial deciisions regarding these operations.
Other knowledge and skills that they will acquire depend on the courses that they select to match their career goals and educational objectives.
We have targeted four example career goals and have developed a sub-track of the Business Specialization Track for each goal. The targeted career goals are (1) executive-level management in a computer technology company, (2) In Table 3 , we overview the knowledge and skills that students pursuing the Business Specialization Track can acquire. Corresponding columns display the mapping between the knowledge and skills, educational objectives, approved courses that satisfy the educational objectives, and sub-tracks. The sub-track numbers in the fourth column com:spond to those shown in the preceding paragraph. Approved for sub-track 1.
Concepts related to marketing principles, analysis, and strategy.
Analyze and propose solutions for situations that marketing managers encounter.
Marketing Management
Issues associated with the external. political, social, and legal environment (of the firm.
Demonstrate an understanding of political, social, and legal issues important to managers.
Managerial Environment
Approved for sub-track I.
Frameworks for analyzing the interactions between government and business.
Formulate strategic goals based on analytical models of the interaction between government and business. Economic principles applied to macroeconomic problems.
Develop analytical models of macroeconomic problems such as the changes in productivity and economic growth.
Changing Global Environment:
Wealth of Nations Approved for sub-tracks 1 & 4.
Business Communications
Concepts related 1 1 3 managerial communication, both oral and written.
-~~ Apply techniques that managers use to achieve their communication goals.
Approved for sub-tracks 1 . 2 & 4.
, Knowledge and Skills
Issues that managers face in managing human organizations and techniques for resolving these issues.
Computer technology trends. Analysis of computer companies along dimensions of technology and marketing.
Organizational structure, management, strategy, finance, and innovation in computer companies. Analyze computer companies along dimensions of technology, manufacturing, and marketing.
Analyze computer companies along dimensions of organization, management, finance, and strategy for innovation.
Demonstrate an understanding of ethical issues that managers face.
Apply negotiation techniques to problems faced by the professional manager.
Identify, apply, and evaluate techniques for resolving managerial problems in public and private organizations.
Show an understanding of organizational leadership issues and guidelines for affecting change.
Approved Courses iuman Behavior in 3rganizations
Technology, 3evelopmenlt, Wanagement, and Warketing in the >omputer Industry 
Knowledge and Skills
Requirements for organizational leadership and ways to promote creative thinking and innovation.
Explain leadership requirements and problems. Suggest ways to lead others towards creativity and innovation.
Advanced Topics in Leadership
Issues related to the strategic use and management of information systems.
Analyze and solve problems of managing information systems.
Management of Information Systems
Required for sub-track 2. Apply to the solution of production and operations problems.
Risks and rewards of entrepreneurial careers and issues related to entrepreneurial management.
Show an understanding of the role of the entrepreneur and of the issues that they face.
administrator keep students informed and record progress towards completion. As the track option becomes more established, we expect other student advisors to become more active in providing information about tracks.
In addition, we encourage students to work with domain experts in their chosen application areas. These may be industrial sponsors, industrial mentors, professional contacts, or academic faculty. Students talk to Camegie Mellon University faculty or Software Engineering Institute (SEI) staff members about domain-specific career options. Many students pursue independent study courses with these domain experts to acquire individually defined knowledge and skills.
An important aspect of supervision is the ongoing cumculum development for tracks. As technical directions, industrial demands, and course offerings change, a faculty member responsible for track development needs to define new educational objectives and to select new courses for the tracks. This involves using courses developed for other purposes as well as creating new courses.
Currently, the MSE Program recognizes track completion in two ways: (1) designation on the diploma as a Master of Software Engineering in the Field of <name oftruck> (e.g., <nume of rack> could be Human-Computer Interaction), or (2) a letter from the department acknowledging the fact that the student completed a specialization in a domain-specific area of software engineering. The diploma designation is available only for the predefined tracks.
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Lessons Learned
As of December 1995, one student has completed the Real-Time Speciulization Truck and two students the HCI Specialization Track. One of these students is taking a lead rule in proposing impruvements to the way in which his company architects real-time radio systems. As the manager for the CMU Psychology Department's computing systems, another student not only applies his background in HCI to the evaluation of user interfaces for the software that he selects but also has continued his research in this area. With respect to the other MSE graduate who completed the HCI track, there is no direct correlation between the completion of a track and the job selected by the student upon graduation.
We have several students currently pursuing or planning to pursue specialization tracks: one in real-time, one in HCI, and seven in business. Just recently, a student expressed a n interest in defining his own track in distributed computing. At least three students planned to pursue specialization tracks at the beginning of their MSE studies but later opted to take a broader selection of electives. Another interesting case is a student who originally planned to define a specialization track in software process and who is now excited about software architectures. Not surprisingly, a student's interests can change wim exposure to new ideas and areas of study.
In offering tracks, we have encountered issues such as the feasibility of creating new courses and fluctuations in the availability of existing courses. The number of students pursuing a track impacts the decision of whether or not to create a course for the track. We have found that our introductory real-time course (which we created for the Real-Time Specialization Truck) attracts interest from students outside the track. Courses that cover interesting and specialized topics with high-market demand can attract sufficient numbers of students from different but related fields. For instance, we co-supported the offering of the Human Factors course with the psychology and design departments. Another way to reach a broader audience would be to provide altemative methods of delivery. Mead suggests consideration of altematives such as video, educational software packages, tutored video, and satellite delivery [Mead 9 .51.
We have leamed to prepare for fluctuations in course availability. As faculty commitments and interests change, so do the courses they teach. We try to provide a flexible list of approved courses to accommodate course unavailability. The developer of a track can select existing courses (including those from other departments) that cover key educational objectives. This helps to increase the number of available courses and reduces the cost of creating a specialization track.
There can be some complications in basing tracks on the selection of existing courses from other depalbnents. In the case of the Business Specialization Truck, our students are having difficulty being admitted into courses offered by the Graduate School of Industrial Administration (GSIA), the graduate business school at CMU. Core GSIA courses are being filled by graduate business students. This situation has made us rethink the feasibility of requiring specific GSIA courses for the business subtracks. We are currently studying the situation.
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Conclusions
In conclusion, we note a study by the Conference Board that evidences the shift away from the patemalistic and protective, employer-provided career management of the past towards employee self-management. This shift of responsibility for career management is a result of factors such as corporate downsizing and restructuring, uncertain business and job market conditions, and limited opportunities for career advancement.'
Though we firmly believe that employers have a responsibility to provide their employees with sufficient training to do their jobs well, we see the need for individuals to take a more proactive role in choosing educational endeavors that help them reach their career goals. We think that specialization tracks offer the graduate software engineering student the opportunity to customize their education to the specialized needs of industry. This is important not only for enhancing individual career options but also for strengthening career management capabilities.
The ability to seek help from domain experts, to identify requisite knowledge and skills, and to delineate meaningful educational goals as well as the discipline to complete a chosen course of action are essential to the management of one's career. Many companies today like to hire software professionals with broad software engineering expertise as well as domain-specific knowledge and skills. Software pmfessionals must continually and actively seek information about career oppor&unities and must manage their own careers.
The Conference Board is a nonprofit, bipartisan organization founded in 1916 to improve business e n t e s e systems and to enhance the contribution of business to society. Researchers in t h i s organization conducted a study of trends in meer management and financial planning during the fall of 1990. The study included 28 interviews with 14 corporations and one large accounting firm. The corporations included older companies in major industries as well as younger fvms in high-technology businesses. The interviews were conducted with people within these corporations who were in charge of human resource planning, benefits, training, and development The study also included discussions with career development consultants as well as executives. In addition, the researchers reviewed recent literature in the business press which discussed ihese topics [Dennis 911.
Defining and/or following a specialization track should help MSE students prepare for selfmanaged, software engineering careers with enhanced opportunities to develop software for chosen application areas. As Guisbond wrote in 1990, specialization is a dominant trend that requires people to take an informed and directed approach to managing their careers. Those people with the best job opportunities are those who prepare for anticipated technology trends and who tailor their job preparation and searches accordingly [Guisbond 901. 
